ABSTRACT This study evaluated the effect of reduced dietary energy (ME) and crude protein (CP) levels along with inclusion of a phytogenic feed additive (PFA) on gut microbiota composition and gene expression of Toll-like receptor(s) (TLR), tight junction proteins, and inflammatory cytokines expressed in secondary lymphoid organs. Depending on dietary ME and CP level down regulation and the inclusion or not of PFA at 125 mg/kg diet, 450 one-day-old male broilers were allocated in the following 6 treatments for 42 D according to a 3 × 2 factorial design: A: diet formulated optimally to meet broiler nutrient requirements; APh: A+PFA; B: suboptimal in ME and CP levels by 3%; BPh: B+PFA; C: suboptimal in ME and CP levels by 6%; CPh: C+PFA. Diet type and PFA supplementation were shown to affect mostly the mucosa-associated microbiota compared to the luminal ones. Ileal mucosaassociated total bacteria (P D = 0.005), Lactobacillus spp. (P D = 0.003), and Clostridium cluster XIVa (P D = 0.009) were affected by diet type with broilers fed diet B having lower levels compared to broilers fed diets A or C. Moreover, diet type affected cecal mucosa-associated Lactobacillus spp. (P D = 0.002) with broilers fed diet C having lower levels compared to broilers fed diets A or B. Supplementation with PFA resulted in higher levels of cecal mucosa-associated Bacteroides (P P = 0.031), Clostridium cluster IV (P P = 0.007), and Clostridium cluster XIVa (P P = 0.039). Diet type affected TLR2 (P D = 0.046) and claudin 5 (P D = 0.027) in cecal epithelium. Lower TLR2 (P P = 0.021) and higher zonula occludens 2 (P P = 0.031) relative gene expressions were seen in ileal epithelium following PFA supplementation. Moreover, in cecal epithelium, PFA supplementation resulted in lower TLR2 (P P < 0.001) and higher zonula occludens 2 (P P = 0.009), claudin 5 (P P = 0.005) and occludin (P P = 0.039) relative gene expressions. There were no significant diet type and PFA effects on cytokines in secondary lymphoid organs, except for a dietary effect on transforming growth factor beta 4 (P D = 0.023) in cecal tonsils. In conclusion, PFA inclusion beneficially modulated elements of gut microbiota, Toll-like signaling molecules and gut tight junction genes.
INTRODUCTION
It is becoming evident that zootechnical performance is directly linked with gut function and health. The latter is determined by the continuous interaction between diet, gut microbiota, gut integrity, and the bird's immune system (Placha et al., 2014; Du et al., 2016) . Phytogenic compounds are listed among bioactive substances currently researched (Kim et al., 2013; Du et al., 2016; Hashemipour et al., 2016) for their direct and indirect biological responses that are purported to fine tune the 4 interacting elements stated above and ultimately enhance broiler performance.
In particular, phytogenic feed additives (PFA) have been shown to modulate gut-attached (Wlodarska C et al., 2015) and luminal (Akbarian et al., 2013; Cho et al., 2014; Wati et al., 2015) microbiota composition, gut signaling molecules (Lillehoj and Lee., 2012; Du et al., 2016) , gut integrity (Placha et al., 2014; Du et al., 2016) , and expression of pro-and anti-inflammatory cytokines (Kim et al., 2013; Paraskeuas et al., 2016a) .
Moreover, dietary effects on broiler intestinal microbiota composition and metabolic activities (Lan et al., 2004; Laudadio et al., 2012) , as well as broiler inflammatory status have been investigated (Yang et al., 2015; Rochell et al., 2016) . However, dietary effects on broiler gut signalling molecules and gut integrity are scarce (Yang et al., 2015) .
It has been previously shown that dietary metabolizable energy (ME) and crude protein (CP) reduction affected negatively broiler performance and that a PFA based on carvacrol, anethole, and limonene tended to ameliorate this effect (Paraskeuas et al., 2016b) . The aim of this study was to continue our previous work and further study the dietary and PFA effects on broiler gut ecosystem elements such as microbiota composition, gut signalling molecules, gut integrity, and inflammatory response. In this sense, mucosa-associated and luminal digesta bacteria as well as gene expression of Toll-like receptor(s) and tight junction (TJ) proteins were determined at ileal and cecal levels. In addition, an array of cytokines and factors were studied in cecal tonsils and spleen.
MATERIALS AND METHODS

Animals, Housing and Experimental Treatments
For the purpose of the experiment, 450 one-day old, male Cobb 500 broilers were obtained from a commercial hatchery. Birds were vaccinated at hatch for Marek's disease, infectious bronchitis, and Newcastle disease. The nutritional program was based on a 3-phase feeding scheme matching starter (D 1 to 14), grower (D 15 to 28), and finisher (D 29 to 42) growth period requirements. For each growth period, 3 diet types (A, B and C) were formulated. A detailed description of the diets has been given by Paraskeuas et al. (2016b) . Diet type A served as a positive control and was formulated according to Cobb recommendations for maximizing white meat yield. Diet types B and C were down regulated in terms of ME and CP by 3% and 6%, respectively. The ME:CP ratio was constant at all 3 diet types per growth period including the total sulfur amino acids, threonine, and tryptophan ratios to lysine. Depending on the inclusion of a PFA at zero or 125 mg/kg diet, the experiment had the following 6 treatments (i.e. A, APh, B, BPh, C and CPh); A: diet optimal for ME and CP; APh: A + PFA; B: diet with reduced ME and CP by 3% compared to A; BPh: B+PFA; C: diet with reduced ME and CP by 6% compared to A; CPh: C+PFA.
All diets were based on maize-soybean meal and were supplied in mash form. The PFA used was a blend of oregano, anise, and citrus essential oils with carvacrol, anethol, and limonen being the main active ingredients and fructo-oligosaccharides acting as a carrier (Digestarom P.E.P., Biomin Holding GmbH, Austria).
The PFA had a concentration of active ingredients of 115 g/kg PFA, of which carvacrol was the main active compound at 102 g/kg PFA. On a weekly basis, PFA was thoroughly blended in the basal diet at the expense of maize.
Chicks were randomLy allocated in the 6 experimental treatments, explained above, with each treatment having five (n = 5) replicates with 15 broilers per replicate. Each replicate was assigned to a clean floor pen (1 m 2 ) and birds were raised on rice hull shavings litter. Heat was provided with a heating lamp per pen. Except for D 1, a 23-h light to 1-h dark lighting program was applied during the experiment. The experiment lasted for 6 wk and feed and water were available ad libitum.
The overall housing and care of the animals conformed to the Faculty of Animal Science and Aquaculture of the Agricultural University of Athens research ethics guidelines. The experimental protocol was in accordance with the current European Union Directive on the protection of animals used for scientific purposes (EC 43/2007; EU 63/2010) and was approved by the relevant national authority. Birds were euthanized via electrical stunning prior to slaughter.
Broiler Performance Responses
Broiler growth performance responses such as body weight gain (BWG), feed intake (FI), and feed conversion ratio (FCR) were determined on a weekly basis during the 6 experimental weeks according to Paraskeuas et al. (2016b) . Overall BWG, FI, and FCR were calculated and presented for the entire duration of the experiment (Table 1) .
Tissue Sampling for Subsequent Analyses
At 42 D of age, 10 broilers per treatment (i.e. two birds per replicate cage) were randomly selected and the ileum, ceca, cecal tonsils, and spleen samples were carefully excised aseptically, snap frozen in liquid nitrogen, and subsequently stored at −80
• C. From the deep-frozen ileum and ceca collected previously from 5 birds per treatment (i.e. one bird per replicate cage), the ileal and cecal luminal digesta were aseptically removed with tweezers after a longitudinal opening performed with a sterile scalpel, collected and placed in sterile tubes and immediately frozen in liquid nitrogen and subsequently stored at −80
• C. Following the removal of ileal and cecal luminal digesta, the intestinal segments were initially washed two times via subsequent immersions and mild hand shaking in 25 mL ice-cold sterile phosphate buffer saline (PBS). Afterwards, each intestinal segment was further washed three times consecutively with 15 mL ice-cold sterile saline containing 0.1% (w/w) Tween 80 in 50 mL conical tubes by vigorously shaking one min per wash. The three 15 mL washes were pooled and centrifuged at 10.000 × g at 4
• C for 30 min. The resulting mucosaassociated cell pellet was removed and placed in a sterile tube that was then frozen in liquid nitrogen and stored at −80
• C. Total DNA was isolated from the ileal and cecal luminal digesta as well as from mucosa-associated cell pellets using a suitable commercial kit (PSP R Spin Stool DNA Kit, Stratec Molecular GmbH, Berlin Germany). The lysis protocol was optimized by incorporating an additional lysozyme (50mg/mL) digestion step at 37
• C for 30 min. For each sample, DNA was eluted in 200 μL elution buffer and the quality and quantity of the preparations were determined by spectrophotometry (NanoDrop-1000, Thermo Fisher Scientific, Waltham, UK) and stored at −30
• C. DNA samples, were analyzed for the following microbiota constituents: total bacteria, Escherichia coli, Lactobacillus spp., Bifidobacterium spp., Bacteroides spp., Clostridium cluster I, Clostridium cluster IV, and Clostridium cluster XIVa. Suitable primers targeting the 16S rRNA gene for each one of the target microbiota constituents were selected from the relevant scientific literature (Table 2 ). Primer specificity was confirmed using BLAST and were obtained from IDT (Integrated DNA Technologies Inc, IA).
Reference microbial strains following appropriate culture and subsequent DNA isolation were used for primer verification and standard curve construction (Table 2) . Standard curves were constructed from 10-fold serial dilutions of known concentrations of genomic DNA from each reference strain and plotted against the respective threshold cycle (Ct) value. Subsequently, sample microbial target DNA quantity was determined and expressed as log 10 cells per gram of digesta content or mucosa-associated cell pellet by calculating the number of cells from the quantity of DNA divided with the mean mass of the corresponding microbial genome size listed in National Center for Biotechnology Information (NCBI).
Real-time PCR was performed using an ABI 7500 Real-time PCR system (Applied Biosystems, CA) using optical grade 96-well plates (PEQLAB Biotechnologie GmbH, Erlangen, Germany). All reactions were made at a 20 μL final volume and consisted of 10 μL of 2 × Green Dye master mix (Rovalab GmbH, Teltow, Germany), forward and reverse primers each at final concentration of 200 or 300 nM (i.e., 0.4 or 0.6 μL of a 10 μM stock), 1 μL of bovine serum albumin (20 μg/mL), 2 μL of template DNA (50 ng sample DNA/reaction), 0.2 μL passive ROX reference dye (5 μM) at 50 nM final concentration, and PCR grade water up to 20 μL final reaction volume. The amplification program used was one cycle of 95
• C for 10 min, 40 cycles of 95
• C for 30 s, primer specific annealing temperature (Table 3) for 60 s, then 72
• C for 33 s. Following amplification, a melt curve analysis was constructed to analyze the melting profile of the amplified product. 1 GAPDH = glyceraldehyde 3-phosphate dehydrogenase 2 IFN-γ = interferon γ 3 TGF-β4 = transforming growth factor β4 4 IL-2, 10, 12, 18 = Interleukins 2, 10, 12, 18 5 iNOS = inducible nitric oxide synthase 6 ZO1,2 = zona occludens 1,2 7 CLDN1,5 = claudins 1,5 8 OCLN = occludin 9 NF-κB = nuclear factor kappa light-chain-enhancer of activated B cells 10 TLR2,4 = Toll-like receptors 2,4 11 F: Forward, R: Reverse.
RNA Isolation and Determination of Relative Gene Expressions in Ileal and Cecal Mucosa, Cecal Tonsils, and Spleen
Spleen and cecal tonsils from 5 birds per treatment (i.e. one bird per replicate cage) were homogenized with pestle and mortar under liquid nitrogen. Moreover, the middle section (15 cm) of ileum and the whole ceca were longitudinally opened and the luminal digesta was removed. Subsequently, digesta-free sections were washed two times consecutively in 25 mL ice-cold PBS-EDTA (pH = 7.2) and each mucosal layer was scraped off with a micro slide and placed in a sterile tube. Afterwards, Trifast Reagent (PEQLAB Biotechnologie GmbH, Erlangen, Germany) was used to extract RNA from the ileal and cecal mucosa, as well as from spleen and cecal tonsils, according to the manufacturer's protocol. RNA quantity was determined by spectrophotometry (NanoDrop-1000, Thermo Fisher Scientific, Waltham, United Kingdom). RNA integrity was assessed by agarose gel electrophoresis.
Prior to complementary DNA (cDNA) synthesis, DNAse treatment was applied. Ten μg of RNA were treated with 1 U of DNase I (M0303, New England Biolabs Inc, Ipswich, UK) and 10 μL of 10x DNAse buffer for 1-h at 37
• C. The DNAse was inactivated by the addition of 1 μL of 0.5 mol/L EDTA at 75
• C for 10 min. For cDNA preparation, 500 ng of total RNA from each sample were reverse transcribed to cDNA by PrimeScript RT Reagent Kit (Perfect Real-time, Takara Bio Inc., Shiga-Ken, Japan) according to the manufacturer's recommendations. All cDNAs were then stored at −20
• C. Respective cDNA samples were assayed for expression of the following Gallus gallus genes: Toll-like receptor(s) (TLR2 and TLR4), claudins (CLDN1 and CLDN5), occludin (OCLN), cytosolic proteins zonula occludens (ZO1 and ZO2), nuclear factor kappaB (NF-κB), transforming growth factor beta 4 (TGF-β4), interferon gamma (IFN-γ), interleukins -2, -10, -18 (IL-18, IL-2, IL-10, IL-12), inducible nitric oxide synthase, (iNOS), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Suitable primers were designed using the GenBank sequences deposited on the NCBI and US National Library of Medicine shown in Table 3 . Primers were checked using the PRIMER BLAST algorithm against Gallus gallus mRNA databases to ensure that there was a unique amplicon.
Real-time PCR was performed in 96 well microplates with an Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA) and KAPA SYBR FAST qPCR Kit (KAPA Biosystems, Wilmington, MA, USA). Each reaction contained 12.5 ng RNA equivalents as well as 200 to 250 nmol/L of forward and reverse primers for each gene. The reactions were incubated at 95
• C for 3 min, followed by 40 cycles of 95
• C for 5 s 60 or 62
• C (depends on the target gene) for 20 s, 72
• C for 33 s. This was followed by a melt curve analysis to determine the reaction specificity. Each sample was measured in duplicates. Relative expression ratios of target genes were calculated according to Pfaffl (2001) using GAPDH as a reference gene.
Statistical Analysis
Experimental data were tested for normality using the Kolmogorov−Smirnov test and found to be normally distributed. Data were analyzed with the general linear model-general factorial ANOVA procedure using diet type (A, B, C) and PFA addition (0 and 125 mg/kg diet) as fixed factors. Statistically significant effects were further analyzed and means were compared using Tukey's honestly significant difference multiple comparison procedure. Statistical significance was determined at P ≤ 0.05. Values of 0.05 < P < 0.1 were considered as trends. All statistical analyses were done using the SPSS for Windows Statistical Package Program (SPSS 17.0, Inc., Chicago, IL).
RESULTS
Broiler Growth Performance
Diet type and PFA addition had no effect (P > 0.05) on broiler overall BWG and FI during the whole experiment. On the contrary, broilers fed diet type A had better overall FCR (P D = 0.010) compared to diet C. Addition of PFA tended to improve broiler FCR (P P = 0.089) during the whole experiment (Table 1) .
Ileal and Cecal Microbiota Composition
Significant interactions were noted between diet type and PFA administration for ileum mucosa-associated total bacteria (P D×P = 0.001) and Lactobacillus spp. (P D×P = 0.015). In addition, levels of total bacteria (P D = 0.005) as well as Lactobacillus spp. (P D = 0.003) and Clostridium cluster XIVa (P D = 0.009) were significantly affected by diet type. In particular, broilers fed diet B had lower levels compared to broilers fed diets A and C (Table 4) . However, total bacteria, Lactobacillus spp. and Clostridium cluster XIVa populations were not significantly (P > 0.05) affected by PFA supplementation. Cecal mucosa-associated Lactobacillus spp. was significantly affected by diet type (P D = 0.002) with lower levels seen in broilers fed diet C compared to diets A and B. Higher levels of cecal mucosa-associated levels of Bacteroides spp (P P = 0.031), Clostridium cluster IV (P P = 0.007), and Clostridium cluster XIVa (P P = 0.039) were seen with dietary PFA supplementation. 1 All microbial cfu data were transformed to respective log 10 values before being analyzed. 2 Diet type (A, B and C): for each growth phase diet type A optimal for energy and protein; B and C suboptimal for energy and protein compared to A by 3 and 6%, respectively. Data shown per diet type represent treatment means from n = 10 broilers (e.g. 5 from treatment A + 5 from treatment APh).
3 Phytogenic supplementation (No=0 mg/kg diet and Yes=125 mg/kg diet). Data shown for PFA represent means from n = 15 replicate pens (e.g. A+B+C). 4 Within the same row means with different superscript per diet type (a, b) and phytogenic (A, B) differ significantly (P < 0.05).
5 Pooled standard error of means. 1 All microbial cfu data were transformed to respective log 10 values before being analyzed. 2 Diet type (A, B and C): for each growth phase diet type A optimal for energy and protein; B and C suboptimal for protein and energy compared to A by 3 and 6%, respectively. Data shown per diet type represent treatment means from n = 10 broilers (e.g. 5 from treatment A + 5 from treatment APh).
3 Phytogenic supplementation (No=0 mg/kg diet and Yes=125 mg/kg diet). Data shown for PFA represent means from n = 15 replicate pens (e.g. A+B+C). 4 Within the same row means with different superscript per diet type (a, b) and phytogenic (A, B) differ significantly (P < 0.05). 5 Pooled standard error of means.
Ileal digesta Lactobacillus spp. level was significantly affected by diet type (P D = 0.012) whereby broilers fed diet B had lower levels compared to diets A and C (Table 5) . However, ileal digesta levels of total bacteria, Clostridium cluster XIVa, Bacteroides spp., and Escherichia coli were not significantly affected (P > 0.05) by diet type and PFA supplementation. Significant interactions between diet type and PFA administration resulted for cecal digesta levels of Bifidobacterium spp. (P D×P = 0.011), Clostridium cluster IV (P D×P = 0.013), and Clostridium cluster XIVa (P D×P = 0.015). However, total bacteria, Escherichia coli, Lactobacillus spp., Bacteroides spp., Clostridium cluster IV and Clostridium cluster XIVa, and populations in cecal digesta content were not significantly (P > 0.05) affected by diet type and PFA supplementation (Table 5) .
Tight Junction Proteins, Toll-Like Receptor(s) and Nuclear Factor kappaB Expression Levels
Gene expression of ZO1, CLDN1, CLDN5, and OCLN and nuclear factor NF-κB in ileal mucosa was not affected (P > 0.05) by diet type and PFA addition (Table 6 ). However, the relative expression levels of ZO2 were higher (P P = 0.031), while TLR2 (P P = 0.021) expression levels were lower with PFA supplementation in ileal mucosa (Table 6 ). In cecal mucosa expression levels of ZO2 (P P = 0.009), CLDN5 (P P = 0.005), and OCLN (P P = 0.039) were significantly higher with PFA administration. Similar to the ileal mucosa, gene expression of TLR2 in cecal mucosa was significantly lower (P < 0.001) by PFA addition. Diet type significantly affected cecal mucosa expression levels of CLDN5 (P D = 0.027) with broilers fed diet A showing lower expression level compared to broilers fed diet C. Moreover, diet type significantly affected cecal mucosa expression levels of TLR2 (P D = 0.046) with broilers fed diet C showing lower expression levels compared to broilers fed diet A. Diet type or PFA supplementation did not have any effect (P > 0.05) on the cecal mucosa expressions of ZO1 and CLDN1, TLR4 and NF-κB (Table 6 ).
Cytokine Expression Levels
The expression of IFN-γ, TGF-β4, IL-2, IL-10, IL-12, IL-18, and iNOS genes was evaluated in the spleen and cecal tonsils of 42-day-old broiler chickens (Table 7) . The gene expression of IL-10 in the spleen was low with cycle threshold values greater than 30 and was therefore excluded from further analysis. A significant interaction (P DxP = 0.011) between diet type and PFA addition was noted for IL-2 in the spleen. However, there were no significant differences in the expression of IFN-γ, TGF-β4, IL-12, IL-18, and iNOS in the spleen between the experimental treatments (Table 7 ). In the cecal tonsils, TGF-β4 was affected by diet type (P D = 0.023) with the lower expression noted for broilers fed diet B compared to A and C. Inclusion of PFA did not affect the expression of IFN-γ, IL-2, IL-10, IL-12, IL-18, and iNOS, in the cecal tonsils (Table 7) .
DISCUSSION
PFA effects on broiler performance (Mountzouris et al., 2011; Wati et al., 2015; Hashemipour et al., 2016) , gut microbiota composition, and metabolic activities (Hong et al., 2012; Hashemipour et al., 2014) (ZO1, ZO2, CLDN1, CLDN5, OCLN) , toll like receptors (TLR2, TLR4) and nuclear factor kappa light-chain-enhancer of activated B cells (NF-κB) in ileal and cecal mucosa of 42-day-old broilers. 1 Relative expression ratios of target genes were calculated according to Pfaffl (2001) using GAPDH as reference gene. 2 Diet type (A, B and C): for each growth phase diet type A optimal for energy and protein; B and C suboptimal for protein and energy compared to A by 3 and 6%, respectively. Data shown per diet type represent treatment means from n=10 broilers (e.g. 5 from treatment A + 5 from treatment APh).
3 Phytogenic supplementation (No=0 mg/kg diet and Yes=125 mg/kg diet). Data shown for PFA represent means from n= 15 replicate pens (e.g. A+B+C). 4 Within the same row means with different superscript per diet type (a, b), and phytogenic (A, B) differ significantly (P < 0.05). 5 Pooled standard error of means. 1 Relative expression ratios of target genes were calculated according to Pfaffl (2001) using GAPDH as reference gene. 2 Diet type (A, B and C): for each growth phase diet type A optimal for energy and protein; B and C suboptimal for protein and energy compared to A by 3 and 6%, respectively. Data shown per diet type represent treatment means from n=10 broilers (e.g. 5 from treatment A + 5 from treatment APh).
3 Phytogenic supplementation (No=0 mg/kg diet and Yes=125 mg/kg diet). Data shown for PFA represent means from n= 15 replicate pens (e.g. A+B+C). 4 Within the same row means with different superscript per diet type (a, b) and phytogenic (A, B) differ significantly (P < 0.05). 5 Pooled standard error of means. Wei et al., 2015; Du et al., 2016; Zou et al., 2016) , and host immune responses (Sa et al., 2013; Paraskeuas et al., 2016a) are currently in worldwide scientific focus. The aim of the present study was to progress our previous work on the effects of PFA administration under three different diet types with respect to their ME and CP content on growth performance, nutrient digestibility, and broiler antioxidant capacity and to additionally determine effects on key broiler gut microbiota populations, signaling molecules, gut barrier-integrity, and broiler inflammatory responses. Diet type and PFA administration were shown to have an effect mostly on the mucosa-associated microbiota compared to the luminal one. Moreover, diet type had an effect on the mucosa associated bacteria in the ileum, whereas PFA administration modulated components of the cecal mucosa-associated microbiota. It is known that dietary energy and protein levels, as well as the overall diet composition may affect the diversity of gut microbial ecology in broilers (Apajalahti et al., 2004 Lan et al., 2004 Laudadio et al., 2012; Awad et al., 2016) . In this study, diet type effects on the ileal mucosa-associated bacteria (i.e. total bacteria, Lactobacillus spp, and Clostridium cluster XIVa) as well as on luminal Lactobacillus spp levels were not consistent with a clear directional change in line with down-grading of dietary ME and CP specifications, as only diet type B differed from diets A and C. Therefore, despite the utilization of common raw materials upon diet type formulations, the simple prediction of dietary effects could be extremely difficult due to the complexity of the gut environment and the interactions between gut bacteria with the host (Choct 2009; Flint et al. 2014) . On the other hand, most of the cecal-associated microbiota constituents studied (i.e Bacteroides spp., Clostridium cluster IV, Clostridium cluster XIVa, Lactobacillus spp., and total bacteria) clearly significantly increased (P ≤ 0.05) or showed a trend (P < 0.1) for higher levels with PFA administration. In addition, PFA administration also affected luminal cecal Bifidobacterium, Clostridium cluster IV, and Clostridium cluster XIVa levels as revealed by the respective significant interactions, but the effect was confined to diet type C, whereby treatment CPh had lower counts compared to C (data not shown).
The effects of PFA on gut microbiota composition is known to depend on both phytogenic composition and inclusion level (Cross et al., 2007; Mountzouris et al., 2011) , and may range from neutral with no effect (Cross et al., 2007; Kirkpinar et al., 2011; Hashemipour et al., 2014) up to beneficial (Cross et al., 2007; Mountzouris et al., 2011; Hong et al., 2012; Hashemipour et al., 2016) .
In this study, PFA modulation of the specific microbiota Clostridium clusters IV and XIVa in the ceca could be considered beneficial for broilers due to the fact that Clostridia are not only dominant in ceca (Lu et al., 2003 , Lan et al., 2004 , but they also contribute to the maintenance of overall gut function (Lopetuso et al., 2013) .
This study has provided new evidence that PFA administration modulated the intestinal microbiota more at cecal rather than ileal level. Possible explanations for the above would need to consider phytogenic component kinetics (Michiels et al., 2007) , and absorption site(s) within the gut as well as species physiology have to be considered. For example, current knowledge on phytogenic absorption site(s) within the gut is currently rather limited. In particular, some studies showed absorption in the stomach and the proximal small intestine as in the cases of carvacrol and thymol (Michiels et al., 2008; Brenes and Roura, 2010) and others show absorption in the large intestine as in the case of quercetin (Aura et al., 2002; Suzuki and Hara, 2011) , a well known flavonol in vegetables and fruits (Suzuki and Hara, 2011) . In addition, in avian species, it is known that uric substances are refluxed back to the ceca and possibly parts of the proximal intestine (Sacranie et al., 2012) . In this sense, non-absorbed phytogenics and/or their urinary excreted metabolites may have impacted the ceca micro-ecology.
In terms of gut signaling molecules, TLR sense the presence of conserved microbial structures and/or microbe-associated molecular patterns and have a key role in immune homeostasis and defense against infections ( Keestra et al., 2013) . TLR activation causes the nuclear translocation of one or more transcription factors such as NF-κB that in turn control the transcription of mainly pro-and anti-inflammatory genes (Kawai and Akira, 2007; Keestra et al., 2013) . Each of the TLRs has distinct ligand specificity with TLR4 recognizing lipopolysaccharides unique to Gram-negative bacteria, and TLR2 recognizing peptidoglycans, which are abundant in Gram-positive bacteria (Keestra et al., 2013; Du et al., 2016) . The levels of TLR expression in the GI tract depends on microbiota composition and microbial infections (MacKinnon et al., 2009; Lu et al., 2014) .
In this study, diet had an effect on TLR2 expression with the ME and CP denser diet A having higher expression compared to diet C. Interestingly, NF-κB expression tended (P < 0.1) to change in the same direction with TLR2 which in principle is in line with known TLR effects on transcription factors (Kawai and Akira, 2007; Keestra et al., 2013) .
Irrespective of diet type, TLR2 expression was lower with PFA administration in the ileum and ceca by approximately 60% and 66%, respectively, compared to the non PFA supplemented diets. However, no direct PFA administration effects on NF-κB were detected in the ileum nor in the ceca. On the contrary, NF-κB expression in the ceca was affected by PFA administration interaction with diet type. Other studies have also shown reduced expression levels of ileal and cecal TLR2 (Du et al., 2016) and TLR4 (Lu et al., 2014) with PFAs such as thymol and carvacrol. Reduction of TLR expression levels with PFA administration could be essential for limiting inflammation, and a number of PFA components have been identified to be involved in this TLR signaling (Kawai and Akira, 2007) . Moreover, a possible PFA mode of action is inhibition of TLR2 and TLR4 activation by directly targeting the receptors or the specific downstream signaling molecules (Lillehoj and Lee, 2012) .
In this work, PFA enhancement of the cecal mucosaassociated Clostridium clusters IV and XIVa, coupled with the lower expression levels of TLR2 provides further evidence for positive PFA effect on commensal Clostridium clusters perceived as beneficial for gut ecology (Lopetuso et al., 2013) .
The topic of PFA supplementation and its effects on broiler intestinal barrier integrity is relatively new. The intestinal barrier is mainly formed by a layer of epithelial cells and TJ, which are intercellular junctions adjacent to the apical end of the lateral membrane surface (Hu et al., 2012) . TJ consist mainly of the transmembrane protein complexes such as CLDN, OCLN, and the ZO cytosolic proteins (Song et al., 2014) . Regarding diet type, there were no effects on any of the TJ proteins studied at the ileum, while there was only a limited effect at cecal level noted with higher expression levels of CLDN5 in diet C. On the other hand, PFA administration had a profound effect on the expression of TJ proteins resulting in higher levels of ZO2 at ileal and cecal level as well as CLDN1 (trend), CLDN5, and OCLN at cecal level. Phytogenics may enhance intestinal barrier integrity via the promotion of TJ proteins assembly (Suzuki and Hara, 2011; Zou et al., 2016 ) that may result in more effective protection against toxic feed derived substances or endogenously produced toxic metabolites (Placha et al., 2014) . In this study, the increased TJ protein mRNA levels point to an enhancement of intestinal barrier with PFA administration. However, phytogenics could also beneficially affect the intestinal barrier via modulation of TJ assembly, without an increased expression of TJ proteins (Suzuki and Hara, 2011) . This could be possibly through TLR signaling (Kawai and Akira, 2007; Ulluwishewa et al., 2011) and other pathways involving pro-inflammatory and anti-inflammatory cytokines (Du et al., 2016) , but this would have to be further studied. In addition, the physiological significance of TJ protein gene expression will have to be considered in context with the overall zootechnical performance such as overall FCR, which has been shown to tend to be improved by PFA addition (Paraskeuas et al. 2016b) , intestinal mucin composition (Tsirtsikos et al., 2012) and presence of luminal antigens such as bacteria, toxins and, feed associated antigens as well as other extracellular stimuli and key inflammatory biomarkers.
Diet type had an effect on cecal tonsils in antiinflammatory TGF-β4 gene expression and an interaction with PFA administration regarding spleen proinflammatory IL-2, with the former lower levels and the latter higher levels in diet type B compared to diets A and C. These were not consistent changes with respect to dietary ME and CP specifications and could possibly be explained by the reduced levels of beneficial bacteria such as Lactobacillus and Clostridium cluster XIVa noted for diet type B compared to diets A and C, as it is established that beneficial members of the gut microbiota are associated with a healthy gut environment and less inflammatory signals (Wlordarska et al., 2015; Awad et al., 2016) .
However, the absence of significant differences in the majority of cytokines and factors studied in secondary lymphoid organs at intestinal local (i.e. cecal tonsils) and systemic level (i.e. spleen) could reflect the absence of significant pathogenic challenge. On the other hand, it could be due to the overall beneficial modulation of gut microbiota composition (e.g. cecal mucosa-associated bacteria), TLR signalling molecules (e.g. TLR2 gene expression), and intestinal integrity (e.g. TJ protein gene expression), that could be concomitant with less inflammation.
In conclusion, this study has provided new information that diet type and PFA inclusion affect mostly the mucosa-associated microbiota compared to the luminal one. Moreover, diet type effects were seen on mucosaassociated bacteria in the ileum, whereas PFA modulated components of the cecal mucosa-associated microbiota. The enhancement of cecal mucosa associated Clostridium clusters IV and XIVa, combined with the lower levels of TLR2 expression and higher levels of TJ proteins provides further evidence for positive PFA effect on broiler gut environment, a result which is in line with the trend for improved overall FCR shown in broilers supplemented with PFA (Paraskeuas et al., 2016b) . However, further work, under stress challenge conditions, and different broiler genotypes could progress our understanding on the mechanisms of PFA function.
